Protein L-isoaspartyl methyltransferase (PIMT) catalyzes repair of L-isoaspartyl peptide bonds, a major source of protein damage under physiological conditions. PIMT knock-out (KO) mice exhibit brain enlargement and fatal epileptic seizures. All organs accumulate isoaspartyl proteins, but only the brain manifests an overt pathology. To further explore the role of PIMT in brain function, we undertook a global analysis of endogenous substrates for PIMT in mouse brain. Extracts from PIMT-KO mice were subjected to two-dimensional gel electrophoresis and blotted onto membranes. Isoaspartyl proteins were radiolabeled on-blot using [methyl-3 H]S-adenosyl-L-methionine and recombinant PIMT. Fluorography of the blot revealed 30 -35 3 H-labeled proteins, 22 of which were identified by peptide mass fingerprinting. These isoaspartate-prone proteins represent a wide range of cellular functions, including neuronal development, synaptic transmission, cytoskeletal structure and dynamics, energy metabolism, nitrogen metabolism, pH homeostasis, and protein folding. The following five proteins, all of which are rich in neurons, accumulated exceptional levels of isoaspartate: collapsin response mediator protein 2 (CRMP2/ULIP2/DRP-2), dynamin 1, synapsin I, synapsin II, and tubulin. Several of the proteins identified here are prone to age-dependent oxidation in vivo, and many have been identified as autoimmune antigens, of particular interest because isoaspartate can greatly enhance the antigenicity of self-peptides. We propose that the PIMT-KO phenotype results from the cumulative effect of isoaspartaterelated damage to a number of the neuron-rich proteins detected in this study. Further study of the isoaspartate-prone proteins identified here may help elucidate the molecular basis of one or more developmental and/or age-related neurological diseases.
Formation of isoaspartate (isoAsp)
3 is a major source of spontaneous protein damage under physiological conditions, arising in conjunction with deamidation of asparaginyl residues and isomerization of aspartyl residues (1) (2) (3) (4) (5) (6) . This non-enzymatic process occurs via the formation of a succinimide intermediate (cyclic imide) following nucleophilic attack of the Asx side-chain carbonyl group by the amide nitrogen at the C-flanking amino acid (see Fig. 1 ). Hydrolysis of the succinimide leads to formation of isoaspartyl (isoAsp) and aspartyl products in a typical ratio of 3 to 1. The ␤-linkage characteristic of the predominant isoaspartyl form introduces a kink into the polypeptide backbone that can disrupt normal protein folding and activity. Isoaspartyl formation is strongly influenced by the amino acid that immediately follows (is C-flanking to) an Asn or Asp residue, by the degree of local polypeptide flexibility, and by environmental stressors such as high pH, heat shock, radiation, and oxidation.
The enzyme activity we now call protein L-isoaspartyl methyltransferase (PIMT, EC 2.1.1.77) was first encountered in 1965 by Axelrod and Daly (7) as an S-adenosyl-L-methionine (AdoMet)-dependent methanol-forming enzyme activity in pituitary extracts. By 1973 it became apparent that this enzyme was a protein methyltransferase whose immediate products were protein methyl esters that spontaneously hydrolyze over a period of minutes to hours at physiological pH (8 -10) . For the following 10 years, it was generally assumed that methylation occurred on the side-chain carboxyls of normal aspartyl or glutamyl residues and that methylation was probably serving to regulate protein activity in a manner analogous to protein phosphorylation. It was not until 1984 that this widely distributed methyltransferase was found to have a high degree of specificity for atypical L-isoaspartyl residues (11, 12) . Subsequently, it was shown that isoaspartate formation is a common form of protein damage at physiological pH and temperature, fostering the idea that PIMT functions as an important intracellular repair enzyme. As predicted by the repair hypothesis, one finds that isoaspartate levels rise dramatically above their normally low steady-state levels when PIMT activity is reduced in vivo by pharmacological inhibition of cultured cells (13, 14) or when the PIMT gene is disrupted in mice (15, 16) .
As illustrated in Fig. 1 , the repair mechanism is a three-stage process: 1) enzymatic methylation of the ␣-carboxyl group of the L-isoaspartyl site, 2) spontaneous formation of a succinimide intermediate, and 3) spontaneous hydrolysis of the succinimide to generate a mixture of 15-30% L-aspartyl and 70 -85% L-isoaspartyl forms. Although each cycle through this repair pathway is only 15-30% efficient, recycling of the isoAsp sites through the PIMT reaction results in an overall repair efficiency of 85% or greater. This has been shown in vitro with synthetic isoaspartyl peptides (17, 18) and with isoAsp-containing proteins such as calmodulin (19) and synapsin I (20) . Moreover, recent studies demonstrating an unusual D/L enantiomer ratio of Asp-25 in histone H2B (an endogenous substrate for PIMT) strongly suggest that repair of isoAsp formation at this site occurs in vivo with an overall efficiency of ϳ87% (21) . The inability of PIMT to restore the normal side-chain amide of deamidated asparagine sites may be of little significance given the much greater importance of having a normal peptide backbone for proper protein folding.
Despite considerable progress made over the past 41 years in elucidating the function of "methanol-forming enzyme," there has been relatively little information regarding the identity of its major endogenous substrates. This situation is attributable to the fact that isoAsp levels are normally held to very low levels by PIMT action, and the fact that the protein methyl ester products of the PIMT reaction are so unstable that they do not survive most commonly used methods of high resolution protein separation. Until now, only four proteins have been found to serve as targets of PIMT action in vivo: calmodulin (20, 22) , tubulin (23, 24) , histone H2B (14) , and synapsin I (20, 25) . The discovery of all four of these proteins came not from systematic proteomics but rather from a combination of serendipity and guess work.
The recent creation of mice deficient in PIMT activity provides a unique opportunity to carry out an unbiased search for endogenous substrates for this enzyme. The PIMT-KO mouse is characterized by a phenotype that is so far predominantly neurological: progressively increasing brain size (16, 26) , abnormal synaptic and neuronal organization (16, 27, 28) , alterations in the insulin receptor signaling pathway (26) , atypical patterns of motor activity (29) and neurophysiology (27, 30) , and death from epileptic seizure at 4 -10 weeks after birth (15, 16) . Abnormalities in the immune system of PIMT-KO have also been found; namely increased T-lymphocyte proliferation and increased antibody production (31) .
To understand more about the special need for PIMT activity in brain, we embarked on a proteomics approach to obtain a more global picture of the major substrates for PIMT in this organ. Our approach to this problem is founded on the observation that endogenous substrates for PIMT accumulate high levels of isoAsp in the PIMT-KO mouse (15, 16) . When extracts of the KO mouse brain are 3 H-methylated by PIMT in vitro and separated by SDS-PAGE under acidic conditions, it is apparent that a diverse group of proteins are acting as endogenous substrates. Unfortunately, until now, the low chemical stability of the [ 3 H]methyl esters has made it difficult to employ the high resolution separation techniques needed to identify the individual radiolabeled proteins. To circumvent this problem, we separated the unmethylated proteins by two-dimensional-gel electrophoresis, transferred them to a polyvinylidene difluoride (PVDF) membrane, and then 3 H-methylated them on the membrane with an overlay of recombinant PIMT and [methyl-3 H]AdoMet. Autofluorography of the membrane provided information on which Coomassie-stained spots on a parallel two-dimensional gel corresponded to major methyl acceptors. Peptide mass fingerprinting of these spots allowed us to identify 22 proteins that are major endogenous substrates for PIMT.
EXPERIMENTAL PROCEDURES
Materials-Bio-Lyte 3/10 and Bio-Lyte 5/8 ampholytes were purchased from Bio-Rad. Immobilon-P PVDF membranes (0.45 m) were purchased from Millipore. S-Adenosyl-[methyl- 3 H]L-methionine (AdoMet) and EN 3 HANCE TM spray surface autoradiography enhancer were purchased from PerkinElmer Life Sciences. Rabbit anti-synapsin II polyclonal antibody (catalog no. 56382-100) was purchased from QED Bioscience Inc. (San Diego, CA). Secondary ECL detection antibody (horseradish peroxidase-linked donkey anti-rabbit IgG (catalog no. NA934V) was from Amersham Biosciences. Deamidation of asparaginyl residues and isomerization of aspartyl residues result in the formation of a metastable succinimide intermediate that hydrolyzes to generate a mixture of L-isoaspartyl and L-aspartyl linkages. PIMT catalyzes selective methylation of the L-isoaspartyl residues, converting them back to the succinimide. Each cycle of methylation/demethylation/succinimide hydrolysis reduces the isoaspartate level by 15-30% relative to the previous cycle, resulting in a net repair of Ն85% after 10 or more cycles. Accordingly, substantial reduction of PIMT activity in vivo leads to the accumulation of isoaspartyl proteins as the rate of de novo isoaspartate formation exceeds the rate of repair.
Sequencing grade modified trypsin was purchased from Promega.
Mice-Heterozygous PIMT ϩ/Ϫ founder pairs (from which PIMT wild-type, heterozygous, and knock-out mice were bred) were kindly provided by Dr. Edward Kim of the Gladstone Institute of Cardiovascular Disease, San Francisco, CA, in conjunction with the laboratories of Dr. Stephen Young at the same institution, and Dr. Steven Clarke at the University of California, Los Angeles (15) . The presence of the neo gene and presence/absence of the PIMT gene were detected by PCR of tail DNA using the following primers: PIMT forward, 5Ј-GCAGC-GACGGCAGTAACAGC-3Ј; PIMT reverse, 5Ј-ACCCTCTT-CCCATCCACATC-3Ј; neo forward, 5Ј-GCACGAGGAAGC-GGTCAGCCCATTC-3Ј; and neo reverse, 5Ј-CGCATCGAG-CGAGCACGTACTCGG-3Ј. Mice were sacrificed at ϳ4 -6 weeks of age by cervical dislocation, and brains were rapidly removed and frozen at Ϫ80°C.
Preparation of Mouse Brain Extract-Approximately 2 g of mouse brain (PIMT
) tissue was used in each preparation. The tissue sample was cut into small pieces and mixed with 9 volumes of cold homogenization buffer (5 mM K-Hepes, pH 7.6, 0.5 mM EDTA, 0.1 mM dithiothreitol, 10% (w/v) sucrose, and 1% mammalian protease inhibitor mixture (Sigma catalog no. P3840)). The suspension was homogenized for 10 strokes (up and down) using a Potter-Elvejhem homogenizer with a rotating Teflon pestle. The homogenate was filtered through two layers of cheesecloth and centrifuged at 800 ϫ g for 30 min. The supernatant was removed and stored at Ϫ80°C.
Cloning, Expression, and Purification of Recombinant Rat PIMT-Rat PIMT cDNA was PCR-amplified from a rat liver cDNA pool (Clontech) and subcloned into pET28a (ϩ) between BamH1 and XhoI. The recombinant plasmid was transformed into Escherichia coli BL21(DE3) cells. Expression of rat PIMT was induced in LB media with the addition of 1 mM isopropyl-␤-D-thiogalactoside at 37°C for 3 h. Cells were harvested and stored at Ϫ80°C. The 6ϫHis PIMT was purified by nickel-nitrilotriacetic acid affinity chromatography (Qiagen) as recommended by the manufacturer. Eluted proteins were dialyzed at 4°C overnight against 25 mM Tris-Cl, pH 7.0, 150 mM NaCl, 10% glycerol, and 5 mM 2-mercaptoethanol. The specific activity of the purified PIMT was ϳ14,000 pmol/min/mg protein using bovine ␥-globulin as the methyl acceptor (32) .
Methylation of Mouse Brain Extracts by Recombinant PIMTTo label isoaspartyl proteins in mouse brain extracts, methylation reactions were performed in the presence of recombinant rat PIMT with [methyl-3 H]AdoMet as the methyl donor. A typical reaction (20 l) consisted of 100 mM Na-MES (pH 6.2), 40 g of mouse brain extract, 2.5 M recombinant PIMT, and 100 M [methyl-3 H]AdoMet. The reaction was initiated by adding AdoMet, incubating at 30°C for 10 min, and stopped by adding 6 l of the 4ϫ-concentrated SDS-PAGE sample buffer (pH 6.8) described by Laemmli and Favre (33) . After heating at 50°C for 10 min, samples were subjected to electrophoresis in 4 -12% NuPAGE gels (Invitrogen) using the MES running buffer at 50 V, 4°C for 4 h. The gel was stained in the Coomassie blue, destained, impregnated with sodium salicylate (34), and dried under vacuum. The dried gel was exposed to preflashed (35) BioMAX XAR film (Kodak) at Ϫ80°C.
Two-dimensional PAGE and Electroblotting-Non-equilibrium pH gradient electrophoresis (NEPHGE) was based on the method of O'Farrell (36) . First dimension gels were polymerized in 13.5 ϫ 0.45-cm glass tubes containing 4% acrylamide/ bisacrylamide (29:1), 9.2 M urea, 2% (w/v) Nonidet P-40, 0.4% Bio-Lyte 3/10, 1.6% Bio-Lyte 5/8. ϳ160 g of mouse brain extract was solubilized in NEPHGE sample buffer (9 M urea, 0.8% Bio-Lyte 5/8, and 0.2% Bio-Lyte 3/10). The solubilized samples were centrifuged for 5 min at 14,000 rpm, and the clear supernatant (ϳ50 l) was applied to the tube gel, overlaid with 20 l of NEPHGE sample buffer, and filled with anode solution (10 mM H 3 PO4). The upper chamber of the electrophoresis apparatus was filled with 10 mM H 3 PO4 solution, and the lower chamber was filled with degassed cathode solution (20 mM NaOH). Tube gels were run at 500 V for 4 h at room temperature. After electrophoresis, the tube gel was extruded and equilibrated in 12 ml of SDS sample buffer (62.5 mM Tris-Cl, pH 6.8, 10% glycerol, 2% SDS, and 5% 2-mercaptoethanol) for 1 h at room temperature, and stored at Ϫ80°C.
For the second dimension, SDS-PAGE slab gels utilized the Tris-glycine buffer system described by Laemmli and Favre (33) . The separating gel was 8.5%, and stacking gel was 4%. Electrophoresis was carried out at 40 mA per gel in a Bio-Rad PROTEAN II Xi cell at room temperature. After electrophoresis, the gel was equilibrated with transfer buffer (25 mM Tris, 193 mM glycine, pH 8.3, 20% ethanol) for 30 min. Proteins were then transferred onto an Immobilon-P PVDF membrane at 50 V, 4°C for 4 h. After blotting, the membrane was either stained with Coomassie Blue or used directly for on-membrane methylation.
On-blot Methylation and Fluorography-Prior to on-blot methylation, the membrane was incubated with 0.2 mg/ml bovine serum albumin in 10 mM Na-MES (pH 6.2) for 30 min and then placed on a glass plate in the hood. Methylation solution (6 ml) consisting of 100 mM Na-MES, pH 6.2, 4 M recombinant rat PIMT, 4 M [ 3 H]AdoMet (10,000 dpm/pmol), and 0.1 mg/ml bovine serum albumin was warmed to 30°C and then pipetted onto the membrane surface. After a reaction time of 20 min at room temperature, the membrane was rinsed briefly with water, then washed twice with stop buffer (10 mM Na-MES, pH 6.2, 0.3 M NaCl, 50 M S-adenosyl-L-homocysteine, 0.05% (v/v) Tween 20) for 15 min. Finally the membrane was soaked in water for 5 min and in methanol for 20 s, and then air-dried. The dry membrane was taped to a filter paper backing, sprayed with EN 3 HANCE TM , and exposed to preflashed KODAK BioMAX XAR film at Ϫ80°C.
In-gel Digestion-Two-dimensional gels were lightly stained (20 min) with Coomassie Blue. Spots of interest from the twodimensional gel were excised using a OneTouch manual spot picker (The Gel Company, San Francisco, CA), destained in 50% acetonitrile, reduced with 20 mM dithiothreitol at 45°C for 30 min, and alkylated with 100 mM iodoacetamide in 50 mM ammonium bicarbonate for 30 min at 37°C in the dark. The processed gel spots were digested with trypsin at 37°C overnight. The tryptic peptides were extracted twice with 50 l of extraction solution (50% (v/v) acetonitrile and 0.1% trifluoro-acetic acid in water). The combined extracts were concentrated to ϳ20 l and cleaned up with ZipTip (C18, Millipore Inc., Bedford, MA) according to the product instructions. The peptides were eluted with 4 l of extraction solution from the ZipTip for analysis by mass spectrometry.
MALDI-TOF Mass Spectrometry and Database SearchTryptic digests were analyzed by MALDI-TOF (matrix-assisted laser desorption ionization-time-of-flight) mass spectrometry. Analytical samples consisted of 1 part tryptic digest, 1 part peptide calibration mix, and 2 parts matrix (10 mg/ml ␣-cyano-4-hydroxycinnamic acid in water). Mass data were acquired in the positive reflector mode on a Voyager-DE STR Biospectrometry workstation (Applied Biosystems, Foster City, CA). To identify proteins, the calibrated de-isotoped peak list for each digest was queried against the UniProt data base using the ProteinPropector MS-FIT program (University of California, San Francisco) at propector.ucsf.com.
Western Blots-The PVDF membrane from either a one-dimensional gel or two-dimensional gel was first blocked with 5% nonfat milk in Tris-buffered saline containing Tween 20 (0.05%, v/v) for 30 min. The membrane was then incubated first with primary antibody (1:10,000) in 5% nonfat milk for 2 h followed, then with secondary ECL detection antibody (1:10,000) for 1 h at room temperature. The membrane was washed 3ϫ in Tris-buffered saline containing Tween 20 (0.05%, v/v) following antibody incubation. The ECL-Plus Western Detection System (Amersham Biosciences) was used to develop and detect the signals.
Generation of Anti-mouse CRMP2 Polyclonal Antibody-A synthetic peptide, acetyl-DITEWHKGIQEEGC-NH 2 containing mouse CRMP2 140 -151 sequence, was designed for antibody generation. Two rabbits were immunized with peptide conjugated to keyhole limpet hemocyanin. The polyclonal antibody was then purified from antisera using a peptide-coupled affinity column. The purified antibodies were dialyzed in phosphate-buffered saline buffer at 4°C overnight. Peptide synthesis and antibody production were contracted to AnaSpec Inc. (San Jose, CA).
Protein Concentration-Protein concentrations were determined by the method of Lowry et al. (37) using bovine serum albumin as standard.
RESULTS

Development of Methodology for Global Separation and Detection of Isoaspartyl Proteins in Brain Extracts of the PIMT-KO
Mouse-To achieve a global analysis of proteins that serve as major substrates for PIMT in mammalian brain we considered two strategies, both of which are based on the fact that isoaspartyl proteins accumulate to high levels in the PIMT-KO mouse brain and that such proteins can be selectively labeled by PIMT-catalyzed methylation using [methyl- 3 H]AdoMet as the methyl donor. The first approach we tested was to pass brain extracts from PIMT-KO mice slowly over a PIMT-agarose column at 4°C in the presence of unlabeled AdoMet. Because PIMT has a low catalytic turnover number (ϳ0.4 min Ϫ1 at 30°C) we reasoned that isoaspartyl proteins might form a sufficiently stable ternary complex (isoaspartyl protein⅐PIMT⅐AdoMet) to bind a number of isoaspartyl proteins to the column. Elution of the isoaspartyl proteins could then be carried out by addition of the strong competitive inhibitor S-adenosyl-L-homocysteine to displace the AdoMet and weaken the protein-PIMT interaction as predicted by the relevant enzyme kinetics (38) . Attempts to employ this strategy were unsuccessful; no binding or significant retardation of isoaspartyl proteins on the column was observed.
Our second strategy was to separate proteins from the PIMT-KO mouse brain by two-dimensional gel electrophoresis, transfer the proteins to PVDF membranes, and then detect the positions of the PIMT substrates by on-blot 3 H-methylation followed by fluorographic imaging on x-ray film. Our motivation to try this approach was bolstered by the success of Lee and Bedford (39) who used on-blot 3 H-methylation to detect substrates for protein arginine methyltransferases on a commercial membrane-bound array of expressed proteins. We favored post-separation, on-blot 3 H-methylation, as opposed to 3 H-methylation prior to separation, because we feared significant loss of the labile [
3 H]methyl esters during the separations. The first dimension of isoelectric focusing or NEPHGE, especially, would expose the more basic proteins to high pH resulting in loss of the 3 H label as proposed by O'Connor and Clarke (40) .
Our ability to detect PIMT substrates by on-blot methylation was first tested using one-dimensional SDS-PAGE for protein separation. Fig. 2A shows the results of a control experiment in which proteins from PIMT ϩ/ϩ or PIMT Ϫ/Ϫ mice were analyzed for isoAsp content by the traditional pre-gel-labeling approach in which 3 H-methylated brain extracts are subjected to SDS-PAGE under conditions designed to minimize protein methyl ester hydrolysis. After electrophoresis, the wet gel is then impregnated with scintillant, dried, and exposed to x-ray film to image the 3 H-labeled isoaspartyl proteins. This control experiment confirmed that PIMT-deficient mice accumulate high levels of isoaspartyl proteins compared with normal mice. Fig. 2B shows the results obtained using an on-blot 3 H-methylation approach. The same brain extracts used in Fig. 2A were separated by the same SDS-PAGE system, but the Fig. 2B extracts were not methylated prior to separation. Instead, the proteins were transferred onto a PVDF membrane and 3 H-methylated on-blot using purified recombinant rat PIMT and [methyl-
3 H]AdoMet as described under "Experimental Procedures." After methylation, the membrane was extensively washed to remove residual AdoMet, dried, sprayed with scintillant, and exposed to x-ray film. We were gratified to see robust methylation of numerous proteins from the PIMT-deficient mice (Ϫ/Ϫ lane) and only minimal methylation of proteins from the wild-type mice (ϩ/ϩ lane). This indicated that on-blot methylation of PIMT substrates works and that the methyl esters survive relatively intact. Importantly, a comparison of the conditions used to obtain the two sets of images shown in Fig. 2 indicates that on-blot methylation is significantly more sensitive than pre-gel methylation. As indicated in the legend to In an attempt to achieve a higher resolution separation of PIMT substrates, we subjected brain extracts to two-dimensional gel electrophoresis essentially as described by O'Farrell (36) . We used NEPHGE (as opposed to isoelectric focusing) for the first dimension because of its superior ability to separate both basic and acidic proteins. We also felt that the lower voltages and shorter run times needed for NEPHGE would help to minimize artifactual generation of isoaspartyl sites. After the second dimension, proteins were transferred to PVDF and subjected to on-blot methylation and fluorographic imaging as described above. Analyses were carried out with extracts of PIMT ϩ/ϩ and PIMT Ϫ/Ϫ mouse brain extracts, and the results are shown in Fig. 3 . A large number of well separated PIMT substrates are evident in the Ϫ/Ϫ extract. Significantly less methylation of these proteins is seen in the ϩ/ϩ extracts. These results demonstrate that two-dimensional gel electrophoresis, combined with on-blot methylation, provides a powerful approach to proteomic analysis of endogenous PIMT substrates in brain.
To judge the relative extent of isoaspartate formation among proteins in the KO brain extracts, we carried out a [ 3 H]methyl blot similar to that shown in Fig. 3 and stained the membrane with Coomassie Blue (Fig. 4A) . The membrane was then destained and subjected to fluorography to visualize the methyl acceptors (Fig. 4B) . Protein spots that were ultimately identified by peptide-mass fingerprinting are bounded by a rectangle, diamond, or circle. These shapes were chosen to distinguish proteins for which the stoichiometry of methylation appears to be high, moderate, or low, respectively. Synapsins Ia, Ib, IIa, and IIb, for example, all exhibit a series of intense spots on the methyl blot, but are almost undetectable by Coomassie staining, suggesting a high stoichiometry of isoaspartyl sites. Indeed, we recently reported that synapsin I purified from the brains of 4-to 6-week-old PIMT-KO mice contains 0.9 Ϯ 0.3 mol of isoaspartate per mole of synapsin (20) . The metabolic enzymes aconitase, pyruvate kinase, and enolase exemplify the opposite extreme: low level methylation but intense staining. It is clear from these results that individual brain proteins vary widely in both their absolute and relative contributions to isoaspartate formation.
Identification of PIMT Substrates by Peptide Mass Fingerprinting-In an attempt to identify specific PIMT substrates, brain extracts from the PIMT-KO mouse were separated by two-dimensional gel electrophoresis as described above. The wet slab gel from the second dimension was stained lightly with Coomassie Blue, and spots of interest (corresponding to methyl acceptors) were excised for tryptic digestion followed by mass spectrometry via MALDI-TOF. Peptide data for each spot were analyzed against the UniProt protein data base using the MS-FIT portion of ProteinProspector 4.1.3 at the University of California, San Francisco (prospector.ucsf.edu).
Of the 30 -35 spots (or closely spaced series of spots) that were analyzed, good matches were found for 22 ( Fig. 4 and Table 1 ). All of the listed matches produced a good MOWSE (molecular weight search) score, high sequence coverage (21% or greater), and had molecular weights and isoelectric points consistent with the location of the protein on the two-dimensional gel. Several methyl acceptors were not identified, because, either we could not reliably find a Coomassie spot corresponding to the fluorographic spot, or the mass data did not yield a match with a high MOWSE score or good sequence coverage. Unidentified methyl acceptors include a group of five prominent spots located between aldolase A and VDAC-1 (voltage-dependent anion channel 1), two spots in the mid-NEPHGE dimension with a molecular mass of ϳ24 kDa, a spot at 10 o'clock for aspartate aminotransferase, and a spot at 7 o'clock for actin.
Previous to this study, only four mammalian proteins have been recognized as endogenous substrates for PIMT: synapsins Ia and I (20, 25) , tubulin (23, 24) , histone H2B (14) , and calmodulin (20, 22) . The re-identification of synapsins Ia and Ib, and of tubulin, in the present study serve as useful positive controls to validate the on-blot labeling approach. Histone H2B has previously been identified in the nuclear fraction of PC12 cells and mouse brain but was not expected here because the present study was carried out on a post-nuclear cytosolic fraction of mouse brain. In fact, we observed no significant methyl acceptors below 20 kDa. Calmodulin, a 17-kDa acidic protein, was also not expected, because it has been shown to accumulate only trace levels of isoaspartate in the KO mouse brain (20) .
Four newly discovered methyl acceptors identified in Fig. 4 and Table 1 (dynamin I, synapsin IIa, synapsin IIb, and CRMP2) were of particular interest to us because of ؉/؉ and PIMT ؊/؊ mice after two-dimensional separation and on-blot methylation. Equal amounts (160 g/tube) of ϩ/ϩ and Ϫ/Ϫ mouse brain extract were subjected to NEPHGE separation followed by SDS-PAGE. After transfer to PVDF membranes, on-blot 3 H-methylation and fluorography were carried out as in Fig. 2B . The relatively low level of 3 H-methylation seen in the ϩ/ϩ extract demonstrates that a minimal amount of artifactual isoaspartate is generated by the two-dimensional separations. their high isoAsp content and their unique roles in neuronal function. The latter three proteins appear in groups of three to four closely spaced spots in the NEPHGE dimension. Fingerprinting of individual spots from a given series confirmed that they were isoelectric variants of the same protein. All three proteins are known to be phosphorylated at multiple sites in vivo, which probably contribute to the isoelectric heterogeneity of these proteins. Deamidation of asparagine residues is also likely to contribute, because deamidation adds a negative charge and is often associated with the formation of isoaspartyl sites. To further confirm the identity of synapsin IIa, synapsin IIb, and CRMP2, the PVDF membrane shown in Fig. 4B was washed free of the scintillant spray used for fluorography and then subjected to Western blot analysis using a primary antibody mixture consisting of 1:10,000 anti-synapsin IIa/IIb and 1:10,000 anti-CRMP2. The Western/ECL image seen in Fig. 4E shows immunoreactivity that superimposes perfectly over the fluorographic images of these methyl acceptors in panel D. Individual Western blots were also carried out using only antisynapsin II or only anti-CRMP2 and these gave the expected results (data not shown).
DISCUSSION
Although PIMT is present in all mammalian tissues examined to date, the phenotype of the PIMT-KO mouse is primarily neurological: slightly enlarged brain, atypical synaptic physiology and motor behavior, and dramatically shorted life span resulting from fatal epileptic seizures at 4 -10 weeks of age, with an average lifetime of 42 days. Lowenson et al. (41) produced a transgenic mouse in the PIMT-KO background in which PIMT activity was expressed exclusively in neurons under the control of a neuron-specific enolase promoter. The average lifetime of these mice increased 5-fold to 225 days, even though transgenic expression of PIMT activity in their brains was restored to only 7-13% of that found in wild-type mice. Similar results were reported by Shimizu et al. (25) . The life extension afforded by the neuronal transgene expression confirms the vital importance of PIMT in the brain. The unique sensitivity of brain function to this common form of protein damage may prove relevant to one or more neurological diseases ranging from childhood neurological disorders to psychiatric illness and agerelated dementias. To learn more about the susceptibility of brain function to isoAsp formation, we felt it was worthwhile to undertake a global analysis of the proteins in mammalian brain that are most susceptible to this type of spontaneous damage.
Proteomic analysis of isoaspartyl proteins has been a challenging task. Because there are no antibodies that generally recognize isoaspartyl proteins, PIMT-catalyzed radiolabeling is the current method of choice for their detection. Radiolabeling the proteins prior to separation is of limited use, however, because of the instability of the methyl esters that carry the label. Isoaspartyl methyl esters have a typical half-life at pH 7.4 and 37°C of only 7 min (42, 43) . O'Connor and Clarke (40) partially overcame this instability problem by subjecting 3 H-methylated isoaspartyl proteins from human erythrocytes (labeled by incubating the intact cells with [methyl-3 H]L-methionine) to two-dimensional gel electrophoresis using isoelectric focusing in the first dimension and an acidic (pH 2.4) SDS-PAGE system for the second dimension. Because of the need to maintain acidic conditions, protein separations were limited in the isoelectric focusing dimension to the pH range of 4 -8. Because the cells used were wild type with regard to PIMT activity, the degree of radiolabeling was expectedly quite low, requiring fluorographic exposure times of 50 -150 days. The main conclusion from this study was that "most, if not all, erythrocyte membrane and cytosolic proteins can act as sub-stoichiometric methyl acceptors."
The availability of PIMT-KO mice provides a unique opportunity to investigate the differential susceptibility of isoas- 
Identification of isoaspartyl proteins from PIMT-KO mouse brain extract
Coomassie-stained spots corresponding to major methyl acceptors (Fig. 4) were subjected to peptide mass fingerprinting by MALDI-TOF. The UniProt database was searched using the ProteinProspector MS-FIT program at prospector.ucsf.edu. H-methylation patterns of proteins in extracts of KO and WT mouse brain, Kim et al. (15) have shown using acidic one-dimensional SDS-PAGE gels that isoAsp levels are 5-to 10-fold higher in KO brains. Similar, but less dramatic enhancement is seen in other tissues such as heart, skeletal muscle, liver, testis, and erythrocytes. Unfortunately, the limited spatial resolution of the labeled bands seen after acidic one-dimensional SDS-PAGE of KO versus WT mouse brain extracts has facilitated the discovery of only one new endogenous substrate for PIMT, namely histone H2B (14) . To employ a high resolution two-dimensional separation of isoaspartyl proteins without risking the loss of preformed [ 3 H]methyl esters, we separated unlabeled brain extract proteins by the classic two-dimensional method of O'Farrell (36) prior to blotting the proteins onto PVDF membranes. The isoaspartyl proteins were then 3 H-methylated on-blot using recombinant PIMT. To maximize preservation of the methyl esters, we employed a pH 6.2 methylation buffer and a pH 6.2 post-methylation membrane wash procedure. The membrane was then sprayed with the organic solvent-based EN 3 HANCE TM scintillant and dried prior to fluorography. The on-membrane methylation approach was inspired by Lee and Bedford (39) who demonstrated successful on-membrane methylation of a commercial protein expression array to discover new substrates for protein arginine methyltransferases I and IV. Arginine methylation is a stable modification, so it was initially unclear if adoption of this approach would also work for detection of isoAsp methyl esters.
Matched protein
The pattern of labeled proteins we observed in KO mouse brain extracts allowed us to locate the corresponding Coomassie-stained proteins on a wet gel. The spots were excised and subjected to peptide-mass fingerprinting using MALDI-TOF. We were able to identify 22 of the major methyl acceptors as indicated in Fig. 4B and Table 1 . Relevant properties of all these proteins are summarized in Table 2 . (Closely related proteins, e.g. ␣ and ␤ tubulin, appear as single entries, so the 22 entries in Table 1 appear as 19 proteins in Table 2 .) Of these 19 proteins, 9 are expressed exclusively or predominantly in the brain. The 19 proteins represent a range of specific cellular functions, including components of the cytoskeleton, proteins associated with synaptic vesicles, and enzymes involved in energy metabolism, nitrogen metabolism, pH balance, and protein folding. Three of the 19 proteins (glutamine synthetase, CA II, and Hsc71) can be considered as having a protective role in cells by virtue of their respective abilities to prevent accumulation of ammonia, to correct pH imbalance, and to assist in the proper folding or refolding of proteins.
As indicated in Fig. 4 , the identified PIMT substrates vary widely in their apparent stoichiometry of isoAsp content. This information is also included in Table 2 in the column labeled "M/P," a subjective estimate of the ratio of [ 3 H]methyl incorporation (Fig. 4B) to protein stain intensity (Fig. 4A) . We assume that proteins with the greatest structural damage (isoAsp content) are also the most likely to have some functional deficit that would contribute to the neurological abnormalities in the KO mouse. 5 of the 19 proteins in Table 2 rank in the highest category (ϩϩϩ) for isoAsp content: CRMP2, dynamin I, synapsins Ia and Ib, synapsins IIa and IIb, and fructose bisphosphate aldolase A. It is interesting, and perhaps highly relevant, that the first four of these proteins are found mainly or exclusively in neurons. Tubulin, a ubiquitous protein highly abundant in neurons, is also of special interest because it appears to be the single largest contributor to isoaspartate in the PIMT-KO mouse brain. CRMP2-CRMP2 is one of five proteins in the collapsin-response mediator family, all of which are highly expressed in neurons during brain development (45) . CRMP2 is also well expressed in adult neurons (more so than the other family members), especially in areas that retain a high degree of plasticity, such as the hippocampus, olfactory bulb, and cerebellum. CRMP2 binds to ␣,␤-tubulin heterodimers to promote their polymerization into microtubules (46) . CRMP2 appears to mediate the collapse of neuronal growth cones when they encounter semaphorin-3, an extracellular protein that inhibits neurite extension (47, 48) and has also been implicated in regulation of axonal transport (49) , cell surface receptor internalization (50) , and apoptosis (51) . Because CRMP2 plays a key role in neuronal development, it is easy to imagine that CRMP2 damage could be a major factor in the neuronphysiological and behavioral abnormalities characteristic of PIMT-KO mice. A defect in the putative role of CRMP2 in mediating neuronal apoptosis might also help to explain the enlargement of the PIMT-KO mouse brain.
In Fig. 4 (C-E), we see three charge variants of CRMP2. Interestingly, the acidic forms appear to be more highly methylated than the most basic form (Fig. 4D) . One possible explanation is that the acidic forms arise from deamidation of labile asparagine sites as diagrammed in Fig. 1 . As such, it is expected that these forms would be highly enriched in isoAsp sites. Methylation of the predominant basic form (based on protein staining, Fig. 4C ) would reflect generation of isoAsp by isomerization of one or more aspartyl sites, a process that would not entail a significant increase in negative charge. An alternative explanation is that the more acidic forms represent the mono-and di-phosphorylated forms of CRMP2. The CRMP2 protein is regulated in vivo by sequential phosphorylation (52) . The Cdk5 kinase adds the first phosphate in what is considered to be a priming reaction, which then permits a second phosphorylation catalyzed by GSK3␤. This latter explanation raises the interesting possibility that phosphorylation might render CRMP2 more susceptible to isoaspartate formation, or vice versa. Hyperphosphorylation of related signaling proteins in PIMT-KO mice have recently been reported by two laboratories. Doyle et al. (31) observed hyperphosphorylation of several proteins, including GSK3␣, in the T-cell receptor signaling pathway of activated T lymphocytes. In brain extracts, Farrar et al. (26) observed hyperphosphorylation of several proteins, including GSK3␤, in the phosphatidylinositol 3-kinase/Akt signal transduction pathway.
Dynamin-1-Dynamin-1 is a large GTPase, concentrated in presynaptic terminals of neurons, that is believed to function in the "pinching-off " phase of synaptic vesicle production and in the recovery of spent vesicles after membrane fusion (53) . The Drosophila phenotype known as shibire has a temperaturesensitive mutation in dynamin that causes paralysis at the nonpermissive temperature. Because of its essential role in synaptic transmission, disruption of dynamin function stemming from isoaspartate accumulation might well contribute to the abnormal behavior and neurophysiology of the PIMT-KO mouse. Like CRMP2, dynamin-1 is regulated in vivo by phosphorylation at two distinct sites (54); however, we do not see any clear evidence for multiple charged forms of dynamin in Fig. 4 .
Synapsins I and II-The synapsins are a family of neuronspecific phosphoproteins that bind to the cytoplasmic surface of small synaptic vesicles (55) . The synapsins anchor vesicles to the cytoskeleton and regulate their availability and "ready" state. There are three synapsin genes (I, II, and III), each of which express two major splice variants termed a and b forms. Synapsins I and II are abundant in adult synapses and are differentially expressed in subsets of neurons. Synapsin III is expressed most highly in the developing nervous system where it is concentrated in growth cones (56) . Synapsin I and II single or double KO mice have a normal lifespan indicating that neither of them are essential for a life-sustaining level of brain function in a laboratory environment (57) . Of particular interest to us is the finding that the synapsin I/II double KO mice exhibit an increased susceptibility to epileptic seizures and have significant abnormalities in synaptic physiology. The susceptibility to seizures is strongly dependent on the total number of mutant alleles in the synapsin I and II genes.
We recently reported that synapsin I purified from PIMT-KO mice contains near stoichiometric levels of isoaspartate (20) . The present study confirms this finding and shows further that synapsin II is also a major endogenous substrate for PIMT. The methylation patterns (Fig. 4D) for synapsins IIa and IIb indicate that isoaspartate is generated on multiple charge forms with a bias toward higher isoAsp levels in the more acidic forms. At least five different protein kinases have been implicated in the regulation of synapsin function. As with CRMP2, the heterogeneity of charge and methylation levels seen in synapsins I and II most likely reflect a combination of phosphorylation and deamidation states. Because of their important roles in regulating synaptic transmission, isoaspartate-related damage to the synapsins may contribute significantly to the abnormal behavior and neurophysiology of the PIMT-KO mouse.
Tubulin-The most intense fluorographic spot in Fig. 4B is tubulin. Tubulin was first identified as an endogenous substrate for PIMT in normal rat brain by Ohta et al. (23) who labeled rat brain slices with [methyl-3 H]L-methionine. Because there was no attempt to reduce PIMT activity in these slices, the methylation they observed presumably reflects a low, steady-state level of methyl esters that characterize the balance between isoAsp formation and repair (Fig. 1) . Najbauer et al. (24) treated rat PC12 cells with a methylation inhibitor and then analyzed the taxol-dependent polymerized tubulin fraction for isoAsp content. A significant increase in isoaspartyl tubulin was found in extracts of inhibitor-treated cells compared with control cells, indicating that tubulin does indeed serve as an in vivo substrate for PIMT-dependent repair. Lanthier et al. (59) found that PIMT activity was decreased by 50% in surgical samples of the hippocampus from patients with mesial temporal lobe epilepsy compared with surgical and post-mortem samples from hippocampi of patients without epilepsy. Interestingly, isoaspartate levels in ␤-tubulin from the low PIMT epilepsy samples was approximately twice that found in the control samples. Yamamoto et al. (16) observed disorganized microtubules on histological examination of the cerebral cortex of the PIMT-KO mouse.
Although tubulin generates the most intense labeling in our two-dimensional fluorograms, tubulin is also one of the three most abundant proteins seen in Fig. 4A , leading us to rank it as "intermediate" with regard to its apparent isoAsp level. Tubulin is well known as one of the major components of the cytoskeleton in cells, and plays a key role in dynamic processes such as chromosome movement in cell division and in axonal transport. It is easy to imagine that isoaspartate-related damage to a subpopulation of tubulin within the neuron could interfere with neuronal development or synaptic transmission, helping to explain the phenotype of the PIMT-KO mouse. The appearance of tubulin in Fig. 4 (A and B) contrasts with that of actin, another abundant cytoskeletal protein whose overall level of isoAsp accumulation appears to be much lower.
Isoaspartate and Oxidation-Protein oxidation and isoaspartate formation are leading sources of spontaneous protein damage both in vitro and in vivo, and both processes have been linked to age-related neurodegeneration and Alzheimer's disease. Ingrosso et al. (60) observed increased isoaspartate formation in human erythrocyte proteins in response to oxidative stress. We wondered if there is any overlap between the set of brain proteins that are prone to isoaspartate formation and those that are prone to oxidation in vivo. A search of the recent literature revealed three proteomic studies of oxidized proteins in Alzheimer brains and age-matched controls (61) (62) (63) . A total of 16 oxidized proteins were identified by these studies, and 7 of those 16 were found in our present study as indicated in the OX column of Table 2 . One of the four high-isoAsp proteins we found, CRMP2, was identified by both laboratories involved in the oxidation studies as being significantly oxidized in aged human brain. As noted above, CRMP2 is believed to play an important role in neurite regrowth in the adult brain. It would be interesting to know if the isoaspartate content of CRMP2 increases in response to oxidative stress of cultured neurons, or if CRMP2 is more highly oxidized in the PIMT-KO mouse than in the WT.
Isoaspartate and Autoimmunity-In autoimmune diseases, an organism's immune system mistakenly attacks it own biomolecules as if they were foreign antigens. Autoimmunity to proteins can be induced by a variety of post-translational modifications, including the substitution of an isoaspartyl site in place of a normal aspartyl site (64) . Robust T-lymphocyte responses and antibody production have been observed when mice are injected with an isoaspartyl peptide related to mouse cytochrome c, but not with the normal aspartyl form of this same peptide. A similar response is seen with a peptide derived from the D protein component of the U1/Sm small ribonuclear protein complex, an autoantigen in human systemic lupus erythematosus, and in murine models of this disease (65) . Autoantibodies to neuronal proteins with associated neurological or psychiatric disorders are found in a wide range of disease states, including primary autoimmune diseases, cancers, and microbial infections. MRL autoimmune mice, which serve as a model for human lupus erythematosus, have significantly higher levels of isoaspartyl proteins in their erythrocytes and brain tissue than do non-immune mice (66) .
We wondered if there is any overlap between the set of brain proteins we found that are prone to isoaspartate formation in vivo and those that have been encountered as autoantigens in humans. A literature search revealed that 10 of the 19 entries in Table 2 have been encountered as autoantigens in various human pathological conditions. Among the high isoAsp proteins in Table 2 , only synapsin I and aldolase A have been reported as autoantigens. Synapsin I antibody was found in a subset of patients with discoid lupus erythematosus, in patients with double-stranded DNA-positive system lupus erythematosus, and in the patients whose sera were positive for rheumatoid factor (67). It was not determined if these patients also had antibody to synapsin II. We found no reports of autoantibodies to dynamin 1 or CRMP2; however, Honnorat and coworkers (68) have reported antibodies to CRMP3 in patients with paraneoplastic neurological syndrome, a debilitating neurodegenerative autoimmune condition associated with certain types of malignancies, especially small cell lung cancer. These workers specifically tested the same sera for antibody to CRMP2 but found none. A search for antibodies to CRMP2, dynamin 1, and synapsin II might prove beneficial in patients with neurological and psychiatric syndromes that are suspected to have an autoimmune component.
CONCLUSIONS
In PIMT-KO mice, all tissues exhibit large increases in damaged, isoaspartyl proteins, but only the brain shows an overt manifestation of the lost repair activity. One possible explanation is that there are a limited number of neuronal proteins whose damage cannot be fully abrogated by protein turnover. The location of presynaptic proteins, for example, might be a factor given their distance from the soma where most protein synthesis occurs. It also seems possible that certain neuronal proteins are subject to an unusual degree of molecular "wear and tear" in locations such as rapid firing synaptic terminals that harbor a high degree of molecular motion and energy utilization associated with neurotransmitter release, vesicle recycling, and generation of synaptic potentials. The proteomic study reported here has identified 19 proteins whose isoaspartate levels are significantly increased in the brains of PIMT-KO mice compared with PIMT-WT mice. Those that seem most likely to contribute to the phenotype of the PIMT-KO mouse include CRMP2, dynamin-1, synapsin I, synapsin II, and tubulin, proteins that are rich in neurons, that play an important role in neuronal development and/or synaptic transmission, and that have high relative or absolute levels of isoaspartyl sites. We observed an additional nine PIMT substrates that have not yet been identified. Several of these appear to be in the high isoAsp category and therefore merit further attempts at identification. Additional study of PIMT and isoaspartate-prone proteins in the brain may lead to progress in understanding the molecular basis of one or more developmental and/or age-related neurological diseases.
